]i oscillations, the expression of NFAT2, and osteoclast terminal differentiation in both bone marrow cells and osteoclast precursor cell lines. Reintroduction of RGS10A rescued the impaired osteoclast differentiation. RGS10A silencing also resulted in premature osteoclast apoptosis. RGS10A silencing affected the RANKL-[Ca
Introduction
Osteoclasts are bone-resorbing cells that exert a profound impact on skeletal metabolism. Disorders of skeletal insufficiency, such as osteoporosis, are characterized by enhanced osteoclastic bone resorption relative to bone formation. A complete understanding of the mechanisms by which osteoclasts differentiate from their precursors and degrade bone is therefore crucial in developing therapies for these often debilitating diseases.
The past several years have witnessed important new insights into the mechanisms of osteoclast formation and activation, particularly the role of RANKL (Alliston and Derynck, 2002; Li et al., 1999; Matsuo et al., 2000; Mocsai et al., 2004; Naito et al., 1999; Wagner and Karsenty, 2001 ). Binding of RANKL to its receptor RANK results in the recruitment of TRAF family proteins including TRAF6, which is linked to the NFB and Jun N-terminal kinase (JNK) pathways. Both NFB and Fos function downstream of the RANKL signal. There is genetic evidence that these factors exert an essential function in the development from monocyte/macrophage precursors to mature osteoclasts (Franzoso et al., 1997; Grigoriadis et al., 1994) . However, the mechanism by which RANKL induces terminal differentiation of osteoclasts through specific transcriptional pathways remains unclear.
Recently, significant progress has been made by Takayanagi et al. who reported that RANKL evokes intracellular [Ca 2+ ]i oscillations which lead to calcineurin-mediated activation of NFAT2, and trigger a sustained NFAT2-dependent transcriptional program during osteoclast differentiation (Takayanagi et al., 2002) . They demonstrated that NFAT2-deficient embryonic stem cells fail to differentiate into osteoclasts in response to RANKL stimulation, and that overexpression of NFAT2 causes precursor cells to undergo efficient differentiation in the absence of RANKL signaling. Thus, NFAT2 might function downstream of RANKL as a master switch for regulating the terminal differentiation of osteoclasts. Koga et al. reported that, in osteoclast precursor cells, FcR␥ and DAP12 associate with multiple immunoreceptors and activate Ca 2+ signaling through phospholipase C␥ (PLC␥), indicating that phosphorylation of PLC␥ is the crucial component involved in the RANKLinduced RANKL-Ca 2+ -NFAT2 pathway (Koga et al., 2004) . Despite these new insights, the question remains as to how RANKL evokes the [Ca 2+ ]i-oscillation-NFAT2 signaling pathway that triggers osteoclast-specific gene expression and differentiation.
Here, we found that the A isoform of RGS10 (NM_001005339) is prominently expressed in RANKLstimulated osteoclast-like cells (OCLs) and human osteoclasts.
Significant progress has been made in studies of the mechanisms by which RANKL induces terminal osteoclast differentiation. However, many crucial details in the RANKL-evoked signaling pathway for osteoclast differentiation remain to be defined. We characterized genes specifically expressed in osteoclasts by differential screening of a human osteoclastoma cDNA library, and found that the regulator of G-protein signaling 10A (RGS10A), but not the RGS10B isoform, was specifically expressed in human osteoclasts. The expression of RGS10A is also induced by RANKL in osteoclast precursors and is prominently expressed in mouse osteoclast-like cells. RGS10A silencing by RNA interference blocked intracellular [Ca RGS10A in osteoclast differentiation
Using gain-of-function and loss-of-function approaches, we demonstrate that RGS10A is a key regulator of [Ca 2+ ]i oscillations and is an essential component in the RANKL- [Ca 2+ ]i-oscillation-NFAT2 signaling pathway in the terminal differentiation of osteoclasts.
Results
To identify crucial components in the RANKL-evoked signaling pathway for osteoclast differentiation, we performed differential screening of a human osteoclastoma cDNA library. Approximately 1.2ϫ10 4 clones from the pcDNAII osteoclastoma library were replicated and screened by differential hybridization, as described previously (Li et al., 1995) . One clone contained a 0.5-kb insert that showed a positive hybridization signal with the cDNA probes derived from osteoclastoma mRNA but was negative with stromal cell cDNA probes. The DNA sequence of the clone was found to be 100% homologous to the 3Ј sequence of the RGS10 human cDNA (data not shown). To clone the full length of the cDNA, we screened the whole human osteoclastoma cDNA library with 2ϫ10 5 clones using the 0.5 kb 3Ј sequence RGS10 human cDNA fragment as a probe. Eight clones that showed positive hybridization signals were obtained and one clone containing a 0.9-kb insert was found to be 100% homologous to the sequence of the human cDNA of RGS10A (NM_001005339; data not shown).
We performed northern blotting, RT-PCR and in situ hybridization to confirm the differential screening result. The northern blot data of mouse OCLs and various tissues indicated that RGS10 was prominently expressed in the OCLs derived from the monocytic osteoclast progenitor cell lines, MOCP-5 and RAW264.7 (Fig. 1A) . Lower expression levels, about three times lower than in the cell lines, were observed in the brain. Expression was also observed -although to a far lesser extent -in the calvaria, long bones, spleen and lungs of mice. The expression of RGS10 was undetectable in the heart, liver, kidneys and skeletal muscles (Fig. 1A) .
To define whether RGS10 expression in osteoclasts is isoform specific, we characterized isoform specificity by RT-PCR (Fig. 1B) . We detected the expression of RGS10 isoform A (RGS10A) cDNA, but did not detect expression of RGS10 isoform B (RGS10B) in human osteoclast, and RGS10B but not RGS10A was detected in the human brain, indicating that only RGS10A was highly and fairly selectively expressed in osteoclasts. The primer BOR10-F for RGS10A is located at exon 1 and the primer BOBRR10-R is located at exon 5. The size between the two exons is 10.8 kb (Gene Access NO: NC_000010), so the 669 bp size band is the true RT-PCR product.
In order to determine when the cells are initiated to express RGS10A following the stimulation of RANKL, we studied the time course of RGS10A transcription in RANKL-stimulated bone marrow-derived monocytes (BMMs). We found that RGS10A mRNA could not be detected when RANKL was absent, but that transcription was induced as soon as 30 minutes after exposure to RANKL and M-CSF, and remained at high levels for up to 96 hours (Fig. 1C) . We further observed that RGS10A proteins are not responsive to M-CSF in BMMs treated in the absence of RANKL with M-CSF alone (Fig. 1D) . To evaluate whether RGS10A is prominently expressed in authentic osteoclasts, in situ hybridization was performed on a human osteoclastoma (giant cell tumor). Osteoclasts in human osteoclastomas are believed to be normal osteoclasts (Chambers et al., 1986; Flanagan et al., 1988) . The result showed that RGS10A is highly expressed in osteoclasts but not in stromal cells (Fig. 1E-G) . To analyze RGS10A expression in osteoclasts at the protein level, we examined the expression of RGS10A in RANKL-stimulated OCLs derived from BMMs using immunofluorescent cell staining. The results indicated that RGS10A is highly expressed in mouse OCLs, but is absent in BMMs without RANKL stimulation (Fig. 1H) . Our results therefore demonstrate that RGS10A is prominently expressed in RANKL-stimulated mouse pre-osteoclasts, OCLs and human authentic osteoclasts, at both the mRNA and protein levels.
We used vector-based RNA interference (RNAi) gene silencing in RAW264.7 cells (Yu et al., 2002) to investigate the role of RGS10A in osteoclast differentiation. After stable transfection with constructs encoding small interfering RNA (siRNA) targeting RGS10A, we performed a quick analysis of short hairpin RNA (shRNA) expression with tartrate-resistant acid phosphatase (TRAP) staining and chose those colonies carrying the two constructs (pAVU-R10a and pAVU-R10b) for passage that had inserts located at 189-209 bp and 330-350 bp. To confirm the effect of RNAi, we performed RT-PCR ( Fig. 2A) , western blotting ( Fig. 2B-D) , and immunofluorescent staining (Fig. 2E ) to assess silencing efficiency. As shown in Fig. 2A (Fig. 3A) . By contrast, only 3-4% of the cells were stimulated to differentiate into TRAP + MNCs with pAVU-R10a or pAVU-R10b transfection (Fig. 3A) . The number of TRAP + MNCs in RGS10A-silenced groups was 15 times lower than that in the control groups (Fig. 3B) , indicating that RGS10A silencing almost completely blocks osteoclast differentiation from osteoclast precursor cells.
We confirmed our findings in primary bone marrow cells, by using the same siRNA sequences to generate recombinant lentiviruses carrying RGS10A-scrambled shRNA, denoted as pLenti-scrambled, and RGS10A shRNA (pLenti-R10a and pLenti-R10b). The effect of silencing RGS10A expression was confirmed by western blotting (Fig. 2B, lanes 5-7) . Similar to the results with the cell line, as many as 80% of the cells differentiated into TRAP + MNCs when infected with control viruses, but only 5% differentiated with pLenti-R10a (Fig.  3C,D) . To determine the effect of RGS10A RNAi on osteoclast gene expression, we also examined the expression of osteoclast marker genes cathepsin K and Atp6i using immunofluorescent staining. As shown in Fig. 3E , RGS10A silencing blocked both cathepsin K and Atp6i gene expression, two late markers of osteoclast differentiation.
To characterize the effects on osteoclast function, we studied whether extracellular acid compartments were formed beneath RGS10A-silenced cells. Acridine Orange staining, indicative of acid transport, showed strong orange fluorescence in the control cells, but not in the RGS10A-silenced cells (Fig. 3F ). This result demonstrates that the RGS10A-silenced OCLs had lost their extracellular acidification function.
These results provided convincing evidence for the role of RGS10A in RANKL-mediated osteoclast differentiation. However, because RANKL is a survival factor for osteoclasts, the question remained whether RGS10A is also required for cell survival. Accordingly, OCLs derived from RANKL-
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stimulated BMMs were infected with pLenti-scrambled (control) or pLenti-R10a, because lentiviruses can infect nondividing cells including mature osteoclasts, and were stimulated with RANKL for different time periods as indicated. Using Hoechst 33258 staining, we detected characteristic apoptotic changes in the nuclei. The nuclei of OCLs were condensed and fragmented in RGS10A-silenced (E) Immunofluorescence staining. RGS10A expression was silenced in the cells transfected with pAVU-R10a. These are images of phasecontrast as an internal control. RGS10A in osteoclast differentiation groups (Fig. 3G, arrows) . In control groups, the nuclei of OCLs showed no evidence of apoptosis (Fig. 3G ). In the presence of RANKL and M-CSF, apoptosis caused by RGS10A silencing reached a maximum at 24 hours (Fig. 3H) .
We also hypothesized that RGS10A is a specific regulator of [Ca 2+ ]i oscillations during osteoclast differentiation. To test this proposition, we visualized fluctuations of [Ca 2+ ]i by confocal microscopy. As shown in Fig. 4A ,B, in control (pAVU6) cells, sustained oscillations occurred at a frequency of approximately 2-minute intervals. However, in the RGS10A-silenced cells, [Ca 2+ ]i oscillations were completely blocked, indicating that RGS10A is an essential regulator of this function.
To determine whether RGS10A silencing affects NFAT2 expression, we examined the expression of NFAT2 protein in RANKL and M-CSF-stimulated RGS10A-silenced cells and control cells using immunofluorescent staining and western blotting. As shown in Fig. 4C , the expression of NFAT2 was significantly blocked in RGS10A-silenced cells, whereas it was highly expressed in the control cells. The western blot result showed that the NFAT2 level was 25 times lower in RGS10A-silenced cells (Fig. 4D,E) , indicating that RGS10A also acts upstream of NFAT2 in the RANKL- [Ca 2+ ]i oscillation-NFAT2 pathway during osteoclast differentiation.
To examine whether RGS10A silencing affects other signaling pathways evoked by RANKL and M-CSF, we characterized the activation of these pathways. We found that RANKL activation of NFB, assessed by IB␣ degradation, M-CSF-driven phosphorylation of Erk-1/2 and transcriptional induction of Fos, all of which are required for efficient osteoclastogenesis (Boyle et al., 2003; Faccio et al., 2003; Faccio et al., 2005) , were normal in all RGS10A-silenced BMMs tested (supplementary material Fig. S1 ). This suggests that the absence of RGS10A did not affect these signaling pathways, and that RGS10A is specifically involved in the [Ca 2+ ]ioscillation-NFAT2 signaling pathway.
To gain further insight into the molecular mechanisms underlying RANKL-initiated [Ca 2+ ]i oscillations, we analyzed the activation of PLC␥, which is a key participant in the PLC␥- [Ca 2+ ]i-oscillation-NFAT2 pathway (Koga et al., 2004) . BMMs were infected with pLenti-scrambled or pLenti-R10a viruses and then stimulated with RANKL and M-CSF for 40 minutes. Activation of PLC␥ was detected using anti-PLC␥ and anti-phospho-PLC␥ antibodies. The results demonstrated that RANKL-induced phosphorylation of PLC␥ was impaired in RGS10A- silenced cells (Fig. 4F) . Furthermore, we examined the interaction between RGS10A and calmodulin (CaM) using coimmunoprecipitation of lysates from BMMs (Fig. 4G) . We found that in the absence of free Ca 2+ , CaM lost the ability to bind to RGS10A, indicating that Ca 2+ is essential for the interaction between RGS10A and CaM.
To determine whether RGS10A binds phosphatidylinositol (3,4,5)-trisphosphate [PdIns(3,4,5)P 3 ] -as shown previously for RGS4 (Ishii et al., 2005 ) -we performed a PdIns(3,4,5)P 3 -bead-binding assay (Fig. 4H) . RGS10A was not detected with M-CSF stimulation alone or with control beads without PdIns(3,4,5)P 3 following stimulation with RANKL and M-CSF. RGS10A was detected after PdIns(3,4,5)P 3 pull-down, Journal of Cell Science 120 (19) showing that PdIns(3,4,5)P 3 binds to RGS10A. Our results showed that RGS10A provides biochemical control over RANKL-evoked [Ca 2+ ]i oscillations through dual interaction with PdIns(3,4,5)P 3 and CaM in a Ca 2+ -dependent manner. Our previous studies have shown that RGS12 regulates [Ca 2+ ]i oscillations by controlling Ca 2+ influx through interacting with N-type Ca 2+ channels (Ca v 2.2) (Yang and Li, 2007) . To further test whether RGS10A has the same function as RGS12, we performed co-immunoprecipitation assays. We found that RGS10A does not act on N-type Ca 2+ channels, as shown in supplementary material Fig. S2 , indicating that RGS12 and RGS10A plays different roles in regulating [Ca 2+ ]i oscillations. RGS proteins modulate the Ca 2+ -sensing receptor (CaR) through inhibition of trimetric G protein Gi␣ signaling. Mentaverri et al. found that stimulation of CaR may play a pivotal role in the control of the signaling pathway involving activation of CaR for osteoclast differentiation and activation of PLC for osteoclast apoptosis , but is not specifically linked to [Ca 2+ ]i oscillations, which are in a (I) mRNA expression of RGS 2, 4, 5, and 10A in RANKLstimulated OCLs. RGS10A is predominantly expressed in OCLs, compared with RGS2, RGS4, and RGS5. RGS10A in osteoclast differentiation different pathway. We found that CaR is expressed in preosteoclast and osteoclasts, and that RGS12 binds to CaR; however, we have not found any evidence that RGS10A modulates CaR (supplementary material Fig. S3 ). After finding that RGS10A interacts with CaM in a Ca 2+ -dependent manner (Fig. 4G) we determined whether RGS12 also interacts with CaM. We found that RGS12 does not interact with CaM, whereas RGS10A does (supplementary material Fig. S4 ). This indicates the specificity of RGS10A in this particular role in the regulation of [Ca 2+ ]i oscillation, whereas RGS12 plays a different role. There are reports in which RGS2, RGS4 and RGS5 have been implicated in [Ca 2+ ]i oscillations in other cells (Ishii et al., 2005; Wang et al., 2004; Zhou et al., 2001) . To test whether they are indeed expressed in RANKL-stimulated OCLs, we performed microarrays. Our results showed that RGS10A is predominantly expressed in OCLs, and expression of RGS2, RGS4, and RGS5 is much lower than RGS10A (Fig.  4I) .
Our data demonstrated that silencing of RGS10A results in a block of [Ca 2+ ]i oscillations and the expression of NFAT2.
However, it remained unclear whether RGS10A directly causes [Ca 2+ ]i oscillations, without stimulation of RANKL. To address this question, RGS10A was ectopically expressed in BMM cells. We first confirmed that RGS10A is highly expressed in cells stably infected with pLenti-R10A (Fig. 5A,B) . Interestingly, as many as 8% of the pLenti-R10A-infected cells spontaneously differentiated to TRAP + mononuclear cells in the absence of RANKL (Fig. 5C) . When the cells were treated with 5 or 10 ng/ml of RANKL in the presence of 10 ng/ml of M-CSF for 4 days and stained for TRAP + cells, numbers of TRAP + MNCs were increased 1.8-fold or 1.5-fold, respectively, compared with pLenti-LacZ-infected cells (Fig. 5C,D) . We further investigated the expression of osteoclast marker genes Atp6i, cathepsin K, and NFAT2 in pLenti-R10A infected cells stimulated with lower concentrations of 5 ng/ml RANKL and 10 ng/ml M-CSF. As expected (and shown in Fig. 5E ), pLenti-R10A infected cells expressed Atp6i, cathepsin K, and NFAT2 at higher levels than the control cells. These results demonstrated that overexpression of RGS10A increased the sensitivity of osteoclast differentiation to RANKL signaling. However, RGS10A overexpression in pLenti-R10A infected cells was unable to evoke [Ca 2+ ]i oscillations in the absence of RANKL (data not shown), indicating that RGS10A is necessary but not sufficient for [Ca 2+ ]i oscillations. FK506 is a specific inhibitor of calcineurin (Liu et al., 1991; Sun et al., 2006) , which also inhibits RANKLinduced osteoclast differentiation from osteoclast precursor cells in a dose-dependent manner (Takayanagi et al., 2002) . To test whether RGS10A acts upstream of calcineurin in the RANKL- [Ca 2+ ]i-oscillation- calcineurin-NFAT2 pathway, we analyzed whether FK506 could block the rescue of the defective osteoclastogenesis of RGS10A-silenced RAW264.7 cells (pAVU-R10a) by the reintroduction of RGS10A expression. We found that FK506 inhibited the rescue effect (Fig. 5F, panel 4) , indicating that FK506 can block RGS10A signaling. Our data showed that RGS10A acts upstream of calcineurin in the RANKL- [Ca 2+ ]ioscillation-calcineurin-NFAT2 pathway. Our results also confirmed that RANKL evokes [Ca 2+ ]i oscillations that lead to calcineurin-mediated activation of NFAT2 and, therefore, triggers a sustained NFAT2-dependent transcriptional program during osteoclast differentiation (Takayanagi et al., 2002) .
Discussion
Here, we demonstrate that RGS10A expression is specific and prominent in RANKL-stimulated osteoclasts and osteoclast precursors, that RGS10A silencing can block [Ca 2+ ]i oscillations and indirectly blocks NFAT2 expression and osteoclast-specific gene expression. Although the regulation of RGS proteins in [Ca 2+ ]i oscillations has primarily been studied in the immune (Kehrl, 1998) , neural (Sinnarajah et al., 2001) and cardiovascular systems (Ishii et al., 2002) (Crabtree and Olson, 2002; Timmerman et al., 1996) . In the nucleus, NFAT transcription complexes assemble on DNA to activate specific gene expression in different tissues. These results provide the explanation that impaired NFAT2 expression may result from loss of the regulation of [Ca 2+ ]i oscillations and calcinuerin caused by silencing of RGS10A. Collectively, these findings provide evidence that RGS10A, as a signaling protein, plays an essential role in the RANKLevoked [Ca 2+ ]i-oscillation-NFAT2 pathway for osteoclast differentiation.
To address the question of whether or not RGS10A directly causes the [Ca 2+ ]i oscillations and whether it is sufficient for osteoclast differentiation, we ectopically expressed RGS10A in osteoclast precursor cells. The results showed that overexpression of RGS10A increased the sensitivity of osteoclast differentiation to RANKL signaling after RANKL Journal of Cell Science 120 (19) stimulation. However, without RANKL, overexpression of RGS10A was unable to evoke [Ca 2+ ]i oscillations and induce osteoclast differentiation, indicating that RGS10A cooperates with other factor(s) activated by RANKL to regulate [Ca 2+ ]i oscillations and terminal differentiation. This is perhaps not surprising because, thus far, only NFAT2 has been demonstrated, by ectopic NFAT2 expression, to act as a master switch for regulating the terminal differentiation of osteoclasts in a RANKL-independent manner. By contrast, overexpression of many osteoclast differentiation regulators (e.g. Fos) could not induce osteoclast precursor differentiation, with only 7% and 1% of cells becoming TRAP + cells by Fos and Jun overexpression, respectively (Takayanagi et al., 2002) .
Our results indicated that NFAT2 expression in RANKLstimulated RGS10A-silenced cells was very weak when compared with that in RANKL-stimulated control cells. The normalized protein level of NFAT2 in RGS10A silenced cells was 18-fold lower than that in control cells. It was suggested that auto-amplification of NFAT2 is regulated by calcineurin, which was activated by RANKL-induced [Ca 2+ ]i oscillations during osteoclastogenesis (Takayanagi et al., 2002) . Our results show that the calcineurin-specific inhibitor FK506 inhibited the rescue effect of RGS10A reintroduction in RANKLstimulated RGS10A-silenced cells and the formation of TRAP + cells from the control cells in the absence of RANKL, which indicates that calcineurin acts downstream of RGS10A signaling.
An advantage to studies using lentiviruses is that, since lentiviruses can infect non-dividing cells including mature osteoclasts, we can study all stages of osteoclast development. In our study of RGS10A function in mature osteoclasts we found that RGS10A-silencing induced apoptosis. This finding implies that RGS10A not only functions in the [Ca 2+ ]i oscillation-NFAT2 signaling pathway for osteoclast differentiation, but also in osteoclast survival. It is logical that, because RGS10A is downstream of RANKL in the RANKL- [Ca 2+ ]i-oscillation-NFAT2 pathway, and because RANKL inhibits osteoclast apoptosis through regulation of [Ca 2+ ]i and CaM (El Hajj Dibb et al., 2006; Seales et al., 2006) , silencing of RGS10A would induce apoptosis. The mechanism of this function of RGS10A is currently unknown. However, this could be a secondary consequence due to the lack of oscillations, which broadly affects cell signaling and proliferation, differentiation and survival. Koga et al. have found that PLC␥ is an essential component of the [Ca 2+ ]i-oscillation-NFAT2 pathway for osteoclast differentiation (Koga et al., 2004) , and Maffucci and Falasca reported that PdIns(3,4,5)P 3 is a crucial player in PLC␥ activation (Maffucci and Falasca, 2007) . Ishii et al. found that RGS4 binds PdIns(3,4,5)P 3 and that the Ca 2+ /CaM complex competes with PdIns(3,4,5)P 3 for binding to RGS4 (Ishii et al., 2005) . In our studies, based on these reports, we found that RGS10A-silencing inhibits PLC␥ activation. We also found that RGS10A binds CaM as a complex of Ca 2+ /CaM-RGS10A and that RGS10A binds PdIns(3,4,5)P 3 . Based on our data and those of others, we propose an RGS10A working model: RANKL mediates phosphorylation of both FcR␥ and DAP12, the membrane adaptor molecules that contain an ITAM motif, which then activate PLC␥. Once activated, PLC␥ can hydrolyze phosphatidylinositol (4,5)-trisphosphate [PdIns(4,5)P 2 ] to generate inositol (1,4,5)-trisphosphate RGS10A in osteoclast differentiation [Ins(1, 4, 5) To demonstrate the speficity of RGS10A in regulating [Ca 2+ ]i oscillation in osteoclasts with the described target components, we tested the interaction of RGS10A and RGS12 with CaM, and with the target components described in our previous study (Yang and Li, 2007) , the membrane Ntype Ca 2+ channel and the CaR. We found that RGS12, but not RGS10A, interacts with the N-type Ca 2+ channel and the CaR, whereas RGS10A, and not RGS12, interacts with CaM, indicating that these two RGS proteins are specific to two different pathways in the regulation of [Ca 2+ ]i oscillations. The specificity of RGS10A and RGS12 to these functions is not surprising owing to the differences in their protein structure. RGS12 has a molecular mass of 174 kDa, whereas that of RGS10A is 20 kDa. In addition, RGS12 contains several interaction domains, such as RBD, PDZ, and PTB domains, and the GoLoco motif, which have not been explored, whereas RGS10A only contains the RGS domain. Even the RGS domain of RGS12 only shows 51% similarity with the RGS domain of RGS10A. This shows that they are structurally different and are likely to have different target components, which probably contributes to the specificity of their roles in the regulation of [Ca 2+ ]i oscillation. Our results also demonstrate that, even though RGS10A and RGS12 can be silenced (causing lack of [Ca 2+ ]i oscillations) RGS12 regulates membrane channels, including the Ca 2+ channel and the CaR (Yang and Li, 2007) . RGS10A, however, functions internally, interacting with signaling proteins in the cytoplasm as described in the working model. Owing to the number of interaction domains in RGS12 we cannot exclude other possible functions of RGS12 in osteoclast differentiation. To further demonstrate the specificity of RGS10A, we found that RGS10A is predominantly expressed in OCLs, in contrast to the other RGS family members RGS2, RGS4 and RGS5.
As a key intermediate in the RANKL- [Ca 2+ ]i-oscillation-NFAT2 signaling pathway, RGS10A may provide a therapeutic target in osteolytic bone diseases. Further studies will be required to identify other molecules that might interact with RGS10A and might be involved in the RANKL- [Ca 2+ ]Ioscillation-NFAT2 signaling pathway.
Materials and Methods
Cells and cell culture MOCP-5 and RAW264.7 are monocytic osteoclast progenitor cell lines. MOCP-5 was generated in our laboratory (Chen and Li, 1998) . RAW264.7 was obtained from the American Type Culture Collection. Human osteoclastoma tumors were obtained from Andrew Rosenberg (Chambers et al., 1986; Flanagan et al., 1988) . Stromal cells from tumors were obtained as described (Li et al., 1995) .
Differential screening of a human osteoclastoma cDNA library
Two human osteoclastoma cDNA libraries were prepared in pcDNAII (Invitrogen) and the Lambda-ZAP system (Stratagene) (Li et al., 1995) . Differential screening was performed as described (Li et al., 1995) .
Northern blotting analysis
Total RNA from mouse tissues and OCLs derived from the osteoclast progenitor cell lines MOCP-5 and RAW264.7, and from BMMs was isolated using Trizol reagent. A 0.9 kb mouse full-length RGS10A cDNA was used as a probe. Hybridization was performed as described previously (Yang et al., 2003) .
RT-PCR cDNA cloning and sequencing analysis
Total RNA from human osteoclasts, human brain and RANKL-stimulated BMMs was isolated using Trizol reagent. One step RT-PCR was performed using the Access RT-PCR system (Promega). RT-PCR analysis of RGS10A, RGS10B or FOS mRNA was performed in RANKL-stimulated OCLs. The specific intron-spanning primers for isoform A of hRGS10 were BOR10-F 5Ј-ATGTTCAACCGCGCCGTGA and BOBRR10-R:. 5Ј-CATCCCATTGAAGGGTTTTG-3Ј. For isoform B of hRGS10 primers were BRR10-F 5Ј-ATGGAACACATCCACGACA-3Ј and BOBRR10-R 5Ј-CATCCCATTGAAGGGTTTTG-3Ј. The specific intron-spanning primer sequences for the mouse Fos gene were Fos-S 5Ј-CTGGTGCAGCCCACTCTGGTC-3Ј and Fos-AS 5Ј-CTTTCAGCAGATTGGCAATCTC-3Ј.
In situ hybridization
In situ hybridization with RGS10A mRNA probes for RGS10A in human osteoclasts was performed as described (Li et al., 1995) .
Immunostaining
The cells were stimulated with RANKL and M-CSF for the indicated times, plated on sterile polylysine-coated coverslips and incubated overnight. The cells were sequentially fixed with 100% methanol for 10 minutes, blocked with 10% normal donkey, rabbit or goat serum in PBS for 60 minutes, then correspondingly incubated in goat anti-RGS10 antibody (1 g/ml, Santa Cruz Biotechnology), rabbit antiApt6i specific polyclonal antibody, rabbit anti-cathepsin K polyclonal antibody (from our lab), and mouse anti-NFAT2 antibody (1 g/ml, Santa Cruz Biotechnology) in PBS containing 1.5% normal rabbit, donkey, or goat serum, respectively, for 60 minutes. Cells were then incubated in FITC-or HRP-conjugated anti-goat, rabbit, or mouse IgG (1 g/ml, Santa Cruz Biotechnology) with 1.5% normal rabbit, donkey, or goat serum, respectively, for 60 minutes. For cells with FITC-conjugated antibody, coverslips were washed three times in PBS, mounted on glass slides and examined with microscopes. For cells with HRP-conjugated antibody, coverslips were further stained with VECTASTAIN Elite ABC kit (Vector Laboratories).
Co-immunoprecipitation
RAW264.7 cells were stimulated with RANKL and M-CSF for 96 hours and then washed with PBS and lysed in buffer containing 50 mM Tris-HCl (pH 8.0), 0.15 M NaCl, 1% Nonidet P-40, and phosphatase and protease inhibitors (Yang et al., 2003) . Cell lysates were incubated at 4°C for 2 hours with anti-RGS10 (Santa Cruz Biotechnology), anti-RGS12 (GenWay), anti-CaM (Santa Cruz Biotechnology) or anti-CaR (Santa Cruz Biotechnology) antibodies and then incubate with protein GSepharose beads (Amersham Biosciences) for overnight. The precipitates were separated by 4-15% SDS-PAGE, followed by immunoblotting with anti-CaM antibody (Santa Cruz Biotechnology).
RGS10A silencing using plasmid-based siRNA expression in RAW264.7 cells
Oligonucleotides encoding shRNA directed against the RGS10A gene (Accession No. NM_026418) were designed using Insert Design Tool for the Vectors (Ambion) according to the manufacturer's instructions, and ensured by BLAST search that they did not have significant sequence homology with other genes including other members of the RGS family. The oligonucleotides were then cloned into the SalI/XbaI site of the pAVU6+27 siRNA expression vector (gift by Paul D. Good, University of Michigan, Ann Arbor, MI) driven by the RNA polymerase III promoter of U6 small nuclear RNA gene. The inserts contain the 9-nucleotide spacer and five thymine residues. The target sites were located at 189-209 bp and 330-350 bp. The sequences of oligonucleotides were RGS10A-siR1S, 5Ј-TCGACCC -GTCTTCTGGAAGACCCAGAATTCAAGAGATTCTGGGTCTTCCA GAAGAT -TTTTGGAAA-3Ј; RGS10A-siR1AS, 5Ј-CTAGTTTCCAAAA ATCTTCTGGA A -GACCCAGAATCTCTTGAATTCTGGGTCTTCCAGAAGAC GGG-3Ј; RGS10A-siR2S, 5Ј-TCGACCCGGAGAT CTACAT GACCTTCTTC AAGAGAGAAGGTC A -TGTAGATCTCCTTTTTGGAAA-3Ј; RG S 10A-siR2AS, 5Ј-CTAGTTTCCAAA -AAGGAGATCTACATGACCTTCTCTCTTGAAGAAGGTCATGTAGATCTCCG -GG-3Ј. RAW264.7 cells were plated on 35-mm dishes at a density of 2.5ϫ10 5 cells per cm 2 . After 24 hours, cells were transfected with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Each transfection contained 0.5 g of the expression vector. The cells were cultured in growth medium for 24 hours and then switched to the medium containing 400 g/ml G418, to select stable colonies.
By stable transfection with these constructs into RAW264.7 cells, we performed a quick cell clone screening analysis of shRNA expression using TRAP staining and selected the cell colonies carrying the two constructs for further study, pAVUR10a and pAVU-R10b. The insert sequences of the two constructs were 5Ј-AATCTTCTGGAAGACCCAGAA-3Ј and 5Ј-AAGGAGATCTACATGACCTTC-3Ј, located at 189-209 bp and 330-350 bp, respectively, of RGS10A mRNA. Cells carrying pAVU-R10a or pAVU-R10b and control construct (pAVU-scrambled) were seeded at 5ϫ10 4 cells per well in a 24-well plate and cultured in ␣-MEM (GIBCO-BRL) with 10% FBS (GIBCO-BRL) containing M-CSF (10 ng/ml). After 24 hours, RGS10A-silenced cells were further cultured and stimulated with 10 ng/ml soluble RANKL (Peprotech) and M-CSF (10 ng/ml) to generate osteoclasts. For suppressive effects of a calcineurin inhibitior, RGS10A-stably silenced RAW264.7 cells and RAW264.7 cells were infected with pLenti-LacZ or pLenti-RGS10A, then 1 g/ml FK506 was added to the medium to generate mature osteoclasts. The identity of osteoclasts was confirmed by TRAP staining.
RGS10A silencing by expressing lentivirus siRNA in mouse bone marrow cells
Oligonucleotides encoding the same shRNAs directed against the RGS10A gene (Accession No. NM_026418) were designed using BLOCK-iT TM RNAi Designer (Invitrogen) according to the manufacturer's instructions, and then cloned into pENTR/H1/TO vector (Invitrogen). The LR recombination reaction was completed between the pENTR/H1/TO-RGS10A vector and the pLenti6/ BLOCK-iT TM -DEST construct to generate pLenti6/ BLOCK-iT TM expression constructs according to the manufacturer's instructions. Sequences of the oligonucleotides were lenR10-top1, 5Ј-CACCTCTTCTGGAAGACCCAGAACGAATTCTGGGTCTTCCAGAAGA-3Ј; lenR10-bottom1, 5Ј-AAAATCTTCTGGAAGACCCA GAATTCG TTCTG GG TCT -TCCAGAAGA-3Ј; lenR10-top2, 5Ј-CACCGGAGATCTACATGACCTTCCGAA-GAAGGTCATGTAGATCTCC-3Ј; lenR10-bottom2, 5Ј-AAAAGGAGATCTACAT-GACCTTCTTCGGAAGGTCATGTAGATCTCC-3Ј.
Recombinant lentiviral production was carried out according to the manufacturer's instructions from the BLOCK-iT TM Lentiviral RNAi system (Invitrogen). Briefly, the 293FT producer cell line was co-transfected with the expression constructs (pLenti-scrambled shRNA, pLenti-R10a, or pLenti-R10b) and packaging mixture. The viral supernatant was harvested after 48-72 hours and titers were determined by infecting HeLa cells with serial dilutions of concentrated lentivirus. BMMs was obtained as described (Kelly et al., 1998) . The BMMs were infected with pLenti-R10a or pLenti-R10b viral supernatant plus 6 g/ml polybrene (Sigma) for 24 hours, and then treated with 10 ng/ml soluble RANKL (Peprotech) and M-CSF (10 ng/ml). Ninety-six hours later, the cells were fixed for determination of differentiation.
TRAP + staining
TRAP was used as a marker for osteoclasts. Pre-osteoclasts and OCLs derived from BMMs, cell lines stably expressing RGS10 siRNA, and cell lines overexpressing RGS10 were fixed and stained for TRAP activity using a commercial kit (Sigma) according to the manufacturer's instructions. Multinucleated (>3 nuclei) TRAP + cells appeared as dark purple cells and were counted by light-microscopy. All data are expressed as the mean ± s.d.
Western blotting
The cells were incubated with RANKL and M-CSF as above for 40 minutes or 96 hours. Western blots were performed as described (Yang et al., 2003) , visualized, and quantified using a Fluor-S MultiImager and Multi-Analyst software (Bio-Rad). Activation of PLC␥ was detected using anti-PLC␥1 and anti-phospho-PLC␥1 antibodies (Santa Cruz Biotechnology). Expression of RGS10, NFAT2 or RGS12 was detected using anti-RGS10 and NFAT2 antibodies (Santa Cruz Biotechnology) and anti-RGS12 antibody (GenWay). The expression of IB␣ and phosphorylated (P)-Erk was detected using anti-IB␣ and anti-P-Erk antibodies from Cell Signaling Technology.
Apoptosis assay
Apoptosis was measured by Hoechst 33258 staining of condensed chromatin (Kameda et al., 1996; Wu et al., 2003) . The osteoclasts derived from RANKLstimulated BMMs were infected with recombinant lentivirus carrying pLentiscrambled or pLenti-R10 constructs, and were continuously treated with RANKL for 0, 6, 12, 18 and 24 hours. Next, cells were fixed with 2% glutaraldehyde solution (Wako) for 10 minutes and stained with 0.2 mM Hoechst 33258 to visualize DNA localization. Cells were examined under a fluorescence microscope for
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determination of osteoclasts with chromatin condensation and/or nuclear fragmentation.
Ca 2+ measurements
Ca 2+ measurements were performed as described (Takayanagi et al., 2002) . The cells were incubated with M-CSF or RANKL and M-CSF for 24, 48 or 72 hours and then with 5 M fluo-4 AM, 5 M Fura Red AM, and 0.05% pluronic F127 for 30 minutes. The cells were post-incubated in DMEM medium with 10 ng/ml M-CSF for 20 minutes and mounted on a confocal microscope (Leica). To estimate [Ca 2+ ]i concentration in single cells, the ratio of the fluorescence intensity of Fluo-4 to Fura Red was calculated.
Overexpression of RGS10A in osteoclast precursor cell line and BMMs A 0.6 kb full-length mouse RGS10A cDNA was amplified by RT-PCR and cloned into pDONR221 vector (Invitrogen) according to the manufacturer's instructions. The LR recombination reaction was completed between the pDONR-RGS10 vector and pLenti6/V5-Dest vector to generate pLenti-R10A, which is engineered to express RGS10A. pLenti-LacZ was a control. Lentivirus packaging was performed according to the manufacturer's instructions by co-transfection of these vectors and packaging mixtures (Invitrogen) into 293T cells. The viral supernatant was harvested after 48-72 hours, and titers were determined. BMMs or RGS10A stably silenced RAW264.7 cells were infected with the pLenti-R10A or control virus pLenti-LacZ. Protein expression of RGS10A was confirmed by immunoblotting and immunostaining in part of pLenti-RGS10-transfected BMMs. The rest of the cells were further cultured with M-CSF in the presence or absence of RANKL for the osteoclast formation assay.
Ca
2+ /CaM-binding assay
BMMs were stimulated with RANKL and M-CSF for 96 hours and then washed with PBS and lysed in buffer containing 50 mM Tris-HCl (pH 8.0), 0.15 M NaCl, 1% Nonidet P-40, and phosphatase and protease inhibitor cocktail (Sigma) (Yang et al., 2003) . Prior to incubation, 0.5 mM EGTA or 1-mM aliquots of CaCl 2 were added to those lysates and incubated at 4°C for 1 hour (Edlich et al., 2005; EricksonViitanen and DeGrado, 1987) , followed by incubation at 4°C for 2 hours with anti-RGS10 antibody (Santa Cruz Biotechnology) and protein A/G-Sepharose beads (Amersham Biosciences). Ca 2+ was added to the lysis buffer to mimic the cytoplasmic environment at high levels of Ca 2+ , and EGTA was added to the lysis buffer to mimic the cytoplasmic environment at levels of low or no Ca
2+
. The precipitates were separated by 4-15% SDS-PAGE, followed by immunoblotting with anti-CaM antibody (Santa Cruz Biotechnology).
PdIns(3,4,5)P 3 binding assay BMMs were treated with M-CSF for 24 hours or RANKL and M-CSF for 96 hours, and suspended in 0.5 ml of binding assay buffer (100 mM KCl, 2 mM MgCl 2 , 0.5% Lubrol, and 20 mM Tris-HCl, pH 7.5) in the presence of 1% protease inhibitor cocktail (Sigma). After brief sonication, cell lysates were centrifuged at 1500 g for 5 minutes. The supernatant was collected and incubated with control beads or PdIns(3,4,5)P 3 beads (50 l slurry; Echelon Research Laboratories) at 4°C for 12 hours. Then the mixture was centrifuged at 1500 g for 5 minutes. The collected beads were washed three times with 1 ml of binding assay buffer, and the bound proteins were subjected to western blot analysis (Lee et al., 2003; Tseng et al., 2004) .
Statistical analysis
Where indicated, experimental data are reported as mean ± s.d. of triplicate independent samples. Studies using multiple groups were analyzed using ANOVA followed by Tukey-Kramer multiple-comparisons test to determine statistically significant differences between groups. Statistical significance for two groups was assessed using an unpaired t test.
